Clotrimazole (CLT) is a widely used drug for the topical treatment of yeast infections of skin, vagina, and mouth. Common side effects of topical CLT application include irritation and burning pain of the skin and mucous membranes. Here, we provide evidence that transient receptor potential (TRP) channels in primary sensory neurons underlie these unwanted effects of CLT. We found that clinically relevant CLT concentrations activate heterologously expressed TRPV1 and TRPA1, two TRP channels that act as receptors of irritant chemical and/or thermal stimuli in nociceptive neurons. In line herewith, CLT stimulated a subset of capsaicin-sensitive and mustard oil-sensitive trigeminal neurons, and evoked nocifensive behavior and thermal hypersensitivity with intraplantar injection in mice.
Introduction
Clotrimazole (CLT) is an antifungal compound commonly used in over-the-counter medications for the topical treatment of fungal infections of the skin, vagina, and mouth (Sawyer et al., 1975) . CLT exerts its antifungal actions by inhibiting P450-dependent enzymes (Hitchcock et al., 1990) . Other well known molecular targets of CLT are intermediate conductance Ca 2ϩ -activated potassium (IK Ca ) channels, including the erythrocyte Gardos channel (KCNN4) (Alvarez et al., 1992) ; CLT-induced inhibition of the Gardos channel, leading to reduced erythrocyte dehydratation, is a promising therapy in sickle cell disease (Brugnara et al., 1996) . In addition, CLT can inhibit cell proliferation in vitro and in vivo, which has been ascribed to a CLT-induced depletion of intracellular Ca 2ϩ stores and blockade of store-dependent Ca 2ϩ influx (Benzaquen et al., 1995) . As such, CLT and related substances have potential as antiproliferative and antimetastatic agents for the treatment of various human diseases.
Although mostly well tolerated, a significant fraction of patients using topical CLT experience side effects such as irritation and burning of the skin and mucous membranes (Binet et al., 1994; del Palacio et al., 2001) . Moreover, oral CLT has been reported to induce nausea, gastrointestinal disturbances, and altered taste sensations in some patients (Sawyer et al., 1975; Koletar et al., 1990) . The mechanisms underlying these unwanted side effects of CLT are still not well understood.
The transient receptor potential (TRP) superfamily is a large group of cation channels that play a general role as cellular sensors (Clapham, 2003; Voets et al., 2005; Nilius et al., 2007) . Several TRP channels members are involved in the detection of thermal, mechanical and chemical stimuli, and in the initiation of irritation and pain caused by such stimuli (Julius and Basbaum, 2001; Voets et al., 2005; Tominaga, 2007) . In this study, we identify TRP channels in sensory neurons as novel sensitive targets of CLT. We demonstrate that CLT is an agonist of TRPV1 and TRPA1, two TRP channels involved in the detection of noxious physical and chemical stimuli by nociceptors (Caterina et al., 1997; Caterina et al., 2000; Davis et al., 2000; Story et al., 2003; Bautista et al., 2005; Nagata et al., 2005; Bautista et al., 2006; Kwan et al., 2006) Moreover, we show that intraplantar injection of CLT evokes nocifensive behavior and thermal hyperalgesia in mice, which can be attenuated by pharmacological inhibition or genetic ablation of TRPV1.
Materials and Methods
Cell cultures and gene expression. Human embryonic kidney 293 (HEK293) cells were grown in DMEM containing 10% (v/v) fetal calf serum, 4 mM L-alanyl-L-glutamine, 100 U ml Ϫ1 penicillin and 100 g ml Ϫ1 streptomycin at 37°C in a humidity-controlled incubator with 10% CO 2 . Cells were transiently transfected with human TRPM8, human TRPV1 or mouse TRPA1 cloned in the bicistronic pCAGGS-IRES-GFP vector using TransIT-293 transfection reagent (Mirus, Madison, WI) . In some experiments, we also used a tetracycline-inducible system for expression of mouse TRPA1 in Chinese hamster ovary (CHO) cells, as described previously (Story et al., 2003) .
Trigeminal ganglion neurons from adult mice (postnatal months 1-3) were cultured as described previously (Madrid et al., 2006) . In brief, mice were killed by inhalation of 100% CO 2 followed by rapid decapitation. After removal, ganglia were cut in small pieces and incubated for 45 min at 37°C in a dissociation solution containing (in mM) 155 NaCl, 1.5 K 2 HPO 4 , 5.6 HEPES, 4.8 Na-HEPES, and 5 glucose. The solution also contained 0.07% collagenase type XI (Sigma, St. Louis, MO) and 0.3% dispase (Invitrogen, Carlsbad, CA). After incubation, tissue fragments were gently triturated with a fire-polished glass pipette, and the resultant suspension was centrifuged at 1700 rpm for 10 min. The pellet obtained was resuspended and cultured in a medium containing: 89% minimum essential medium (MEM), 10% fetal calf serum supplemented with 1% MEM vitamins (Invitrogen), 100 g/ml penicillin/streptomycin, and nerve growth factor (NGF; mouse 7S, 100 ng/ml; Sigma). Cells were plated on poly-L-Lysine-coated glass coverslips and used after 1 d in culture. TRPV1 Ϫ/Ϫ mice (stock number 003770) (see Caterina et al., 2000) were purchased from The Jackson Laboratory (Bar Harbor, ME).
Measurement of the intracellular [Ca 2ϩ ] i . Cells were incubated with 2 M Fura-2 AM ester for 30 min at 37°C. Intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) was measured on a monochromator-based imaging system consisting of a Polychome IV monochromator (Till Photonics, Martinsried, Germany) and a Roper Scientific (Tucson, AZ) CCD camera connected to a Zeiss (Oberkochen, Germany) Axiovert 200M inverted microscope, or on an Olympus (Tokyo, Japan) CellM system. Fluorescence was measured during excitation at 340 and 380 nm, and after correction for the individual background fluorescence signals, the ratio of the fluorescence at both excitation wavelengths (F 340 /F 380 ) was monitored. The extracellular solution used in [Ca 2ϩ ] i measurements contained (in mM) 140 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 5 glucose, and 10 HEPES, pH 7.4.
Electrophysiological recordings. Currents were recorded in the wholecell configuration of the patch-clamp technique using an EPC-7 or EPC-9 amplifier and Pulse (HEKA Elektronik, Lambrecht/Pfalz, Germany) or pClamp 9 (Molecular Devices, Sunnyvale, CA) software. Data were sampled at 5-20 kHz and filtered off-line at 1-5 kHz. Between 40 and 60% of the series resistance was compensated to minimize voltage errors. Most experiments were performed using identical intracellular and extracellular Ca 2ϩ -free solutions containing (in mM) 150 NaCl, 5 MgCl 2 , 5 EGTA, and 10 HEPES, pH 7.4. Indicated experiments were performed using a Ca 2ϩ -containing extracellular solution with (in mM) 150 NaCl, 5 CsCl, 5 CaCl 2 , 10 glucose, and 10 HEPES, pH 7.4.
Reagents. Clotrimazole [1-(chloro-␣, ␣-diphenylbenzyl)-imidazole], capsaicin, and mustard oil (allyl isothiocyanate; MO) were purchased from Sigma. Menthol (DL-menthol) was from Merck (Darmstadt, Germany) .
N- (-4-tertiarybutylphenyl)-4-(3-cholorpyridin-2-yl) tetrahydropyrazine-1(2 H)-carboxamide (BCTC) was a kind gift from Grünenthal (Aachen, Germany). Clotrimazole and mustard oil were dissolved in DMSO, and menthol and capsaicin in ethanol.
Behavioral analysis. Thirty-three adult mice were used in the behavioral experiments [16 wild-type (WT) and 17 TRPV1 Ϫ/Ϫ ]. All procedures described were approved by the local ethics committee and followed guidelines of the International Association for the Study of Pain (Zimmermann, 1983) . Animals were housed maximum six per cage on a 12 h light/dark cycle with food and water ad libitum.
Mice were placed in individual transparent plastic chambers and allowed to acclimatize for at least 1 h before testing. CLT (0.5%) and CLT plus BCTC (0.5% ϩ 1 M) were prepared in a solution of the following composition: 10% DMSO, 10% Tween 80, and 80% PBS. Drugs were delivered in a volume of 10 l via intraplantar injection to the left hind paw using a 30-gauge needle coupled to a Hamilton syringe. In control experiments, mice were injected with vehicle alone.
Nocifensive behavior (licking, biting, flinching, lifting, or guarding of the injected hind paw) was monitored for 10 min after injection and expressed as the total number of seconds during which these behaviors were exhibited over the 10 min period.
The hot plate (Letica Scientific Instruments, Barcelona, Spain) was maintained at 55 Ϯ 0.5°C with a cutoff latency of 30 s to avoid tissue damage. Endpoints for withdrawal were licking, biting, and flinching of the hind paws, and jumping. The mean of two baseline tests determined the preinjection withdrawal latency. Postinjection hot plate tests were performed immediately after the evaluation of nocifensive behavior and the results were expressed as a percentage of preinjection withdrawal latency.
Data analysis. Data analysis was performed using Origin 7.0 (OriginLab, Northampton, MA). Group data are expressed as mean Ϯ SEM from n independent experiments. Significance between groups was tested using the unpaired or paired Student's t tests or the KolmogorovSmirnov test for comparison of non-normally distributed data sets.
Plots of steady-state currents (I ss ) in function of V were fitted using a modified Boltzmann function as follows:
where G max is the maximal conductance (kept constant for a given cell), z the gating charge (in elementary charge units: e o ϭ 1.6 ϫ 10 Ϫ19 C), V 1/2 the voltage for half-maximal activation, k the Boltzmann constant (1.38 ϫ 10 Ϫ23 JK Ϫ1 ), and T the absolute temperature. Apparent P open was determined as G/G max , where G was obtained from steady-state currents as I ss /V. At 0 mV, G was taken as the value obtained from the fit using Equation 1. As an alternative approach, voltage-dependent activation curves were also estimated from peak tail currents measured at a fixed potential (ϩ60 mV for TRPM8 and TRPV1; Ϫ150 mV for TRPA1) following steps to different test voltages. Outward tail currents (at ϩ60 mV) were used in the case of TRPM8 and TRPV1, because inward currents at negative voltages inactivate too fast (time constant Ͻ1 ms) to be reliably measured . In general, both approaches yielded V 1/2 estimates that differed by Ͻ10 mV.
Results

Screening the effects of clotrimazole on sensory TRP channels
To evaluate the possible role of TRP channels in mediating the sensory effects of CLT, we performed intracellular Ca 2ϩ imaging experiments on HEK293 cells expressing TRP channels present in sensory neurons and skin keratinocytes, namely TRPV1-4, TRPM8, and TRPA1 . Note that a previous report already described irreversible inhibition by CLT of TRPM2 (Hill et al., 2004) , an ADP-ribose-gated, heat-activated channel expressed in brain and blood cells but not in sensory neurons (Perraud et al., 2001; Togashi et al., 2006) .
Application of 10 M CLT to HEK293 cells expressing the heat-activated TRPV1 produced a robust [Ca 2ϩ ] i increase, which was of comparable magnitude to the response to 100 nM capsaicin ( Fig. 1 A) . In contrast, CLT (10 M) did not evoke a Ca 2ϩ increase in control HEK293 cells or cells expressing the closely related heat-activated TRPV2, TRPV3, and TRPV4 channels (Caterina et al., 1999; Peier et al., 2002b; Smith et al., 2002; Xu et al., 2002; Nilius et al., 2004 ) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Application of CLT led to a reduction of the basal [Ca 2ϩ ] i in cells expressing TRPV4, suggesting a partial inhibition of basal channel activity (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material), which is in line with previous studies showing an indirect inhibition of TRPV4 activity by cytochrome P450 inhibitors (Watanabe et al., 2003) . HEK293 cells expressing TRPA1, a sensor of various irritant chemicals, also displayed a clear [Ca 2ϩ ] i increase in response to 10 M CLT (Fig. 1 B) . However, whereas [Ca 2ϩ ] i responses to CLT in TRPV1-expressing cells were fast, reaching maximal amplitude in Ͻ1 min ( Fig. 1 A) , TRPA1-expressing cells responded significantly slower, with variable delays of up to 3 min (Fig. 1 B) .
HEK293 cells expressing the cold-activated TRPM8 exhibit an increased basal intracellular Ca
caused by significant inward TRPM8 current at room temperature (McKemy et al., 2002; Peier et al., 2002a; Voets et al., 2004) . In these cells, application of 10 M CLT rapidly decreased the basal [Ca 2ϩ ] i and strongly impaired the response to 100 M menthol (Fig. 1C) .
With respect to the unwanted sensory side effects of CLT, activation of TRPV1 and TRPA1 appears most relevant. Moreover, because activation of TRPM8 in sensory neurons by cooling or menthol elicits analgesia, inhibition of this channel may also contribute to the irritation evoked by CLT. We therefore set out to evaluate the effects of CLT on these three channels in more detail.
Clotrimazole activates TRPV1
In whole-cell patch-clamp experiments, application of 5 M CLT activated robust inward and outward whole-cell currents in HEK293 cells expressing TRPV1 (Fig. 2 A) . This activation was never observed in nontransfected cells (data not shown). The current-voltage relationship of the CLT-activated current showed outward rectification and a reversal potential close to 0 mV, in line with the previously described properties of TRPV1 (Caterina et al., 1997; Voets et al., 2004) (Fig. 2 B) . CLT also activated outwardly rectifying cation currents when applied to the intracellular face of inside-out patches from TRPV1-expressing cells (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material), indicating that CLT activates the channel in a membrane-delimited manner. As shown in Figure 2 , A and C, currents evoked in the continuous presence of CLT at concentrations 5 M or higher exhibited desensitization, which was not evident at lower concentrations. The effect of CLT was voltage dependent (Fig. 2 D) , suggesting that this drug affects the mechanism of TRPV1 activation rather than then number of active TRPV1 channels. Previous studies have shown that several temperature-sensitive TRP channels (TRPV1, TRPV3, TRPM8, TRPM4, and TRPM5) are voltage-gated, and that thermal and chemical stimuli act on these channels by shifting the voltage dependence of activation (Voets et al., , 2007a Chung et al., 2005; Talavera et al., 2005; Malkia et al., 2007) . To investigate the voltage dependence of the effect of CLT on TRPV1 in more detail, we applied voltage steps ranging from Ϫ120 to ϩ160 mV (Fig. 2 D, E) , which allows determining the voltage-dependent activation curves from the steady-state current-voltage relationships (see Materials and Methods). Analysis of steady-state currents measured during voltage steps at 25°C revealed a strong leftward shift of the activation curve, with a change in the voltage for half-maximal activation (V 1/2 ) from 127 Ϯ 23 mV in control to 41 Ϯ 13 mV in the presence of 3 M CLT (n ϭ 4) (Fig. 2 E, F ) . Even larger shifts of the activation curves were evident at higher concentrations, but these were difficult to quantify because of the rapid current desensitization (Fig. 2C ). From these data we can conclude that CLT activates TRPV1 by shifting the voltage dependence of activation, highly similar to the effects of capsaicin .
Clotrimazole activates TRPA1
Next, we investigated the effects of CLT on heterologously expressed TRPA1 channels. Note that most initial experiments were performed using tetracycline-inducible expression of TRPA1 in CHO cells; highly similar results were later obtained in transiently expressed HEK293 cells (see Figs. 1, 6) (and data not shown). In control (Ca 2ϩ -free) extracellular solution and in the absence of agonist, voltage ramps from Ϫ150 to ϩ150 mV elicited sizable, strongly outwardly rectifying currents (0.12 Ϯ 0.03 nA at ϩ75 mV; Ϫ0.025 Ϯ 0.005 nA at Ϫ75 mV; n ϭ 12), indicative of some basal TRPA1 channel activity (Fig. 3 A, B) . Application of CLT at a concentration of 5 M evoked a modest and reversible increase of this outwardly rectifying current (Fig.  3 A, B) . CLT had no measurable effect on whole-cell currents in naive CHO cells (data not shown). The effect of CLT on TRPA1 current was dose-dependent, and did not saturate at concentrations up to 30 M, which is close to the solubility limit of CLT in extracellular solution (Fig. 3F ) .
As TRPA1 2007), we analyzed the effects of CLT using a voltage step protocol consisting of 400-ms voltage steps to test potentials ranging from Ϫ150 to ϩ150 mV followed by an invariant step to Ϫ150 mV (Fig. 3C ). In the absence of CLT, significant inward tail currents at Ϫ150 mV were only measured following test potentials Ն ϩ100 mV (Fig.  3C,D) . After application of 7 M CLT, inward tail currents were already significant at test potentials Ն0 mV, and the peak amplitude of the tail current following a test potential of ϩ150 mV increased 10-fold (Fig. 3C,D) . Even in the presence of CLT, tail current amplitudes did not show saturation for test potentials up to ϩ150 mV (Fig. 3D) . As a result, reliable estimation of G max and determination of V 1/2 from Boltzmann was not feasible. Yet, a comparison of the voltage dependence of tail current amplitudes indicates that 7 M CLT causes a leftward shift of the voltage-dependent activation curve of Ͼ100 mV (Fig. 3D) .
Intracellular Ca 2ϩ directly activates TRPA1, and permeating Ca 2ϩ exerts a strong positive feedback on TRPA1 activity (Nagata et al., 2005; Doerner et al., 2007; Zurborg et al., 2007) . Moreover, entering Ca 2ϩ can induce rapid desensitization of TRPA1 currents activated by agonists such as mustard oil (Nagata et al., 2005; Doerner et al., 2007 ). Therefore, we tested the effects of CLT on TRPA1 in Ca 2ϩ -containing extracellular solution and found a striking potentiation of the agonist effect of CLT. In the presence of 5 mM Ca 2ϩ , outward TRPA1 currents activated by 5 M CLT were increased ϳ10-fold and inward currents ϳ100-fold in comparison with Ca 2ϩ free conditions (Fig. 3 E, F ). Moreover, current activation in the presence of extracellular Ca 2ϩ was followed by pronounced desensitization, despite the continued presence of CLT (Fig. 3 E, data not shown) . Thus, the efficacy of CLT to activate TRPA1 is strongly dependent on extracellular Ca 2ϩ and Ca 2ϩ influx through the channel. It should also be noted that the maximal CLT-induced inward current amplitude in Ca 2ϩ -containing solution (Ϫ3.47 Ϯ 0.65 nA; n ϭ 10) was only half of that induced by 20 M MO (Ϫ6.45 Ϯ 0.7 nA; n ϭ 8; p Ͻ 0.01), indicating that CLT is a partial TRPA1 agonist.
Clotrimazole inhibits TRPM8
Application of 100 M menthol at 25°C activates a current in TRPM8 transfected HEK293 cells that reverses near 0 mV and exhibits outward rectification (Fig. 2 B) , in line with previous reports (McKemy et al., 2002; Peier et al., 2002a; Voets et al., 2004) . CLT (10 M) produced a pronounced suppression of the menthol-induced current, which recovered to a large extent after washout (Fig. 4 A) . Detailed analysis of the dose dependence revealed that CLT is a more potent inhibitor of inward current (IC 50 ϭ 200 nM at Ϫ50 mV) than outward current (IC 50 ϭ 1.2 M at ϩ50 mV). Analysis of the voltage dependence of TRPM8 using voltage steps revealed that application of 1 M CLT induced a significant rightward shift of the voltage-dependent activation curve of TRPM8. V 1/2 increased by 89 Ϯ 7 mV (n ϭ 5), resulting in an almost complete inhibition of channel activity at negative voltages. The change in V 1/2 (⌬V 1/2 ) produced by CLT was dosedependent ( Fig. 4 F) ; fitting a Hill function to the data yielded a concentration for halfmaximal effect of 3.0 Ϯ 1.6 M, a maximal shift of 340 Ϯ 70 mV and a Hill coefficient of 0.9 Ϯ 0.2 (n ϭ 5). Together, these results indicate that CLT inhibits TRPM8 currents by causing a positive shift of the voltage dependence of channel activation.
CLT excites a subset of capsaicin-and mustard oil-sensitive sensory neurons Next, we tested the effects of CLT on cultured mouse trigeminal sensory neurons. TRPV1, TRPA1 and TRPM8 are expressed in subsets of primary sensory neurons where they function as thermosensors and/or chemosensors. Although the exact distribution and colocalization of these channels in these neurons is somewhat controversial, the consensus is that TRPA1 and TRPV1 have a partially overlapping expression pattern in capsaicinsensitive nociceptive neurons, whereas TRPM8 is expressed in a clearly distinct subpopulation of sensory neurons (Story et al., 2003; Kobayashi et al., 2005) .
Application of 10 M CLT evoked an increase in [Ca 2ϩ ] i in a subset of cells that corresponded to 21% of viable neurons (Fig.  5A,C) . Importantly, all CLT-activated neurons were also sensitive to 1 M capsaicin, indicating that CLT-induced activation is restricted to TRPV1-expressing neurons (Fig.  5A, inset) . It should be noted, however, that only approximately half of the capsaicinsensitive neurons, which corresponded to 49% of the total cell population, responded to 10 M CLT (Fig. 5A) .
To evaluate the relative contribution of TRPV1 and TRPA1 channels to the CLTinduced responses, we tested the effects of CLT on trigeminal neurons from TRPV1 Ϫ/Ϫ mice. As expected from previous work (Caterina et al., 2000) , all TRPV1-deficient neurons were fully unresponsive to capsaicin (Fig. 5 B, C) . Notably, the responsiveness to CLT was significantly reduced compared with wild type ( p Ͻ 0.001, Kolmogorov-Smirnov test): only 7% of the cells showed a detectable response to 10 M CLT (Fig. 5C,D) , and the average amplitude of the [Ca 2ϩ ] i increase in responsive cells was lower than in wild-type cells (⌬ratio, 0.72 Ϯ 0.12 for WT vs 0.31 Ϯ 0.12 for TRPV1 Ϫ/Ϫ neurons; p Ͻ 0.05). Importantly, all CLT-responsive TRPV1-deficient neurons were also stimulated by MO (100 M), indicating that CLT sensitivity in the TRPV1 Ϫ/Ϫ neurons is restricted to TRPA1-expressing neurons (Fig. 5B) . Together, these data indicate that CLT excites nociceptive neurons through activation of TRPV1 and to a lesser extent TRPA1 channels.
CLT differentiates TRPM8-and TRPA1-mediated responses to menthol
Previously, menthol-induced responses in sensory neurons were considered strong evidence for the expression of TRPM8. How- ever, this vision needs to be revised after our recent findings that menthol also has an agonistic effect on TRPA1 channels (Karashima et al., 2007) . Given its opposite effects on TRPA1 and TRPM8, we investigated whether CLT could be used to distinguish between TRPA1-and TRPM8-mediated menthol responses. As illustrated in Figure 6 , A and D, repeated application of 50 M menthol leads to rapid and reversible activation of TRPM8 and TRPA1 heterologously expressed in HEK cells. Coapplication of 10 M CLT leads to a strong inhibition of the menthol-response in TRPM8-expressing cells, whereas the menthol response in TRPA1-expressing cells is clearly potentiated by CLT (Fig. 6 A, D) .
To isolate the effects of CLT on TRPM8-mediated menthol responses in sensory neurons, we studied its effects in mustard oil-insensitive, menthol-sensitive trigeminal neurons (Karashima et al., 2007) . In this subpopulation, which corresponds to ϳ10% of viable neurons (Karashima et al., 2007) , 10 M CLT caused a decrease of basal [Ca 2ϩ ] i and produced a strong and reversible inhibition of the [Ca 2ϩ ] i rise evoked by applying 100 M menthol (Fig.  6 B, C) . These results indicate that the inhibitory effect of CLT on basal and menthol-induced TRPM8 activity is preserved in sensory neurons. Then, to dissect the effects of CLT on TRPA1-mediated menthol responses in sensory neurons, we examined the effect of coapplication of menthol and CLT in MO-sensitive trigeminal neurons from TRPV1 Ϫ/Ϫ mice (Karashima et al., 2007) . We observed two types of responses in this subset of neurons. Neurons that showed only a small response to a first menthol application (⌬ratio, Ͻ0.3) displayed a significantly enhanced response to a subsequent application of menthol in the presence of CLT (Fig.  6 E, F ) . In contrast, neurons that showed a more robust response to a first menthol application (⌬ratio, Ͼ0.3) did not show significant CLT-induced enhancement (Fig.  6 E, F ) . Possibly, CLT-induced TRPA1 potentiation in these cells is masked by Ca 2ϩ -induced desensitization.
Together, these properties demonstrate that CLT can be used as pharmacological tool to discriminate between TRPM8-and TRPA1-mediated chemosensory responses.
CLT causes TRPV1-mediated nocifensive behavior and thermal hyperalgesia
Finally, we tested to what extent the effects of CLT on TRP channels in sensory neurons results in pain-related behavior in mice. Intra-plantar injection of CLT evoked clear nocifensive behavior in wild type mice, as evidenced by strongly increased flinching and licking behavior compared with vehicle-injected mice (Fig.  7A) . Coinjection of BCTC, a potent TRPV1 antagonist, significantly attenuated CLTinduced pain behavior (Fig. 7A) . Moreover, TRPV1 Ϫ/Ϫ mice did not exhibit significant nocifensive behavior in response to CLT injection (Fig. 7A) .
TRPV1 is involved in detecting noxious heat, and previous studies have shown that several endogenous and exogenous chemicals can sensitize TRPV1 to heat resulting in thermal hyperalgesia in vivo. To investigate whether CLT affects the sensitivity to heat, we assayed the effect of the intraplantar CLT injection on the thermoresponsive behavior using a hot plate assay at 55°C. These experiments were performed 10 min after CLT in- jection, at which time the acute CLTinduced nocifensive behavior had fully ceased. In line with a previous study (Davis et al., 2000 ; but see Caterina et al., 2000) , hot plate latencies in noninjected or vehicle-injected mice were not significantly different between WT (15.4 Ϯ 2.2 s) and TRPV1 Ϫ/Ϫ mice (13.7 Ϯ 1.1 s; p ϭ 0.50). Importantly, intraplantar injection of CLT caused a significant reduction in hot plate latency in WT but not in the TRPV1 Ϫ/Ϫ mice (Fig. 7B) . Together, these behavioral experiments demonstrate that CLT evokes nocifensive behavior and thermal hyperalgesia in mice in a TRPV1-dependent manner.
Discussion
Despite its wide use in various over-thecounter medications, the biological actions of CLT are only partly understood. In particular, the origin of the sensory side effects of oral or topical CLT were not known. Our present results identify TRP channels involved in thermosensation and chemosensation in sensory neurons as novel CLT targets. We demonstrate that CLT is an agonist of TRPV1 and TRPA1, two excitatory TRP channels expressed in nociceptors (Caterina et al., 1997; Caterina et al., 2000; Davis et al., 2000; Story et al., 2003; Jordt et al., 2004; Bautista et al., 2005; Nagata et al., 2005; Bautista et al., 2006; Kwan et al., 2006) , and a potent antagonist of TRPM8, a cold-and menthol sensor in cold-sensitive sensory neurons (McKemy et al., 2002; Peier et al., 2002a; Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007; Voets et al., 2007b) . Moreover, we show that intraplantar injection of CLT evokes nocifensive behavior and induces hypersensitivity to heat in mice, which can be attenuated by pharmacological inhibition or genetic ablation of TRPV1. These results point at TRPV1 as a major culprit for the irritation and burning that can be experienced after topical application of CLT.
Previous studies have shown that thermal stimuli as well as a variety of chemical agonists and antagonists can modulate activity of certain TRP channels, including TRPV1, TRPM8, and TRPA1, by shifting the voltage dependence of activation (Piper et al., 1999; Brauchi et al., 2004; Voets et al., 2004; Chung et al., 2005; Talavera et al., 2005; Karashima et al., 2007; Malkia et al., 2007; Voets et al., 2007a) . Our present results show that CLT also changes the voltage dependence of TRPV1, TRPA1, and TRPM8. In the case of TRPV1 and TRPA1, CLT shifts the voltage dependence toward more negative voltages, which promotes channel opening in the physiological voltage range. In contrast, CLT shifts the voltage dependence of TRPM8 toward more positive voltages, thereby counteracting the effects of menthol and cold on the channel. As such, CLT can also be considered as a gating modifier rather than as an (ant)agonist of these channels.
Two previous reports have provided compelling evidence that activation of TRPA1 by several of its agonists occurs through covalent modification of cysteine residues on the channel (Hin- Macpherson et al., 2007) . The authors of these studies realized that known TRPA1 agonists such as mustard oil, cinnamaldehyde or acrolein are electrophiles that can react with the thiol group of cysteine residues on proteins. One study also provided direct evidence for a covalent modification of TRPA1 by these agonists (Macpherson et al., 2007) . Moreover, mutation of specific cysteine residues in the N terminus strongly reduced its sensitivity to cysteine-reactive agonists, but not to icilin, an agonist that exhibits no obvious reactivity to cysteines (Hinman et al., 2006; Macpherson et al., 2007) . It is unlikely that CLT activation of TRPA1 involves covalent binding to the channel. First, CLT is neither electrophilic nor known to react with cysteine or other amino acids. Second, the effect of CLT on TRPA1 was readily reversible on washout and could be repeated several times in the same cell. In contrast, covalent modification of cysteine residues can persist for minutes to hours (Macpherson et al., 2007) . Thus, we consider it most likely that CLT acts on TRPA1 through a "classical," noncovalent interaction with the channel, similar to the effects of menthol on TRPA1 (Karashima et al., 2007) . In previous studies it has proven difficult to unambiguously separate TRPM8 and TRPA1 responses in sensory neurons. This is mainly because of the substantial overlap in stimuli that activate TRPM8 and TRPA1: both channels were shown to be activated by icilin, cold and menthol (McKemy et al., 2002; Peier et al., 2002a; Story et al., 2003; Karashima et al., 2007) . It should be noted that whether TRPA1 plays a role as a cold sensor in vivo remains a matter of strong debate (Story et al., 2003; Jordt et al., 2004; Bautista et al., 2006; Kwan et al., 2006; Sawada et al., 2007; Zurborg et al., 2007) . Previous studies have often used TRPA1-selective agonists such as MO to discriminate between TRPA1-and TRPM8-mediated responses. However, because of their covalent binding to TRPA1 (and possibly other cellular targets) the effects of these agonists are only poorly reversible. Our present findings identify CLT as probably a more useful tool to distinguish between TRPM8-and TRPA1-mediated responses in sensory neurons. CLT can be used as a potent inhibitor of TRPM8, while activating TRPA1 and potentiating TRPA1-mediated responses to agonists such as menthol. Importantly, these effects of CLT are rapidly and almost completely reversible.
Only a subset of capsaicin-sensitive and/or MO-sensitive trigeminal neurons showed a Ca 2ϩ response to 10 M CLT, whereas 100% of TRPV1-or TRPA1-expressing HEK293 cells responded to the same dose of CLT in Ca 2ϩ imaging or patch-clamp exper- Ϫ/Ϫ sensory neurons. Two traces are shown, illustrating two distinct patterns of responses in these cells. A cell with a small response to a first menthol application (black trace; ⌬ratio, 0.05) exhibited a strongly potentiated response to the combination menthol plus CLT. In contrast, CLT-induced potentiation of the menthol response was not observed in a cell with a robust response to a first menthol application (gray trace; ⌬ratio, 0.65). F, Mean responses in MO-sensitive TRPV1 Ϫ/Ϫ sensory neurons (n ϭ 15) to a stimulation protocol as in E.
iments. This indicates that CLT-induced activation of TRPA1 and/or TRPV1 is not always sufficient to provoke a detectable Ca 2ϩ signal in trigeminal neurons, which can be attributed to the lower agonist potency of CLT compared with capsaicin (TRPV1) or MO (TRPA1). Moreover, both TRPV1 and TRPA1 are voltage-dependent, and their sensitivity to activating stimuli such as CLT varies depending on the membrane potential of the neuron. In general, it is well known that the excitability of thermosensory neurons is determined by the relative activity of excitatory and inhibitory ionic channels (Viana et al., 2002) . Finally, it cannot be excluded that the some neurons have mechanisms that mediate rapid extrusion or breakdown of CLT and thereby prevent it from significantly activating TRPV1/TRPA1. For example, it has been shown in yeast that high expression of drug extrusion pumps such as multidrug resistance 1 (MDR1) can lead to resistance to CLT (White et al., 2002; Looi et al., 2005) . Independent of the mechanism, the lower cellular sensitivity to CLT compared with capsaicin or MO matches with the milder perceived sensory effects of CLT when applied to the tongue or mucous membranes.
It is known that topical application of CLT preparations in humans can evoke unwanted side effects such as irritation and burning of the skin and mucous membranes (Binet et al., 1994; del Palacio et al., 2001 ). Our present results provide a straightforward explanation for such sensory side-effects, namely activation of TRPV1-and TRPA1-containing nociceptive neurons. Most importantly, we found that intraplantar injection of CLT evoked robust nocifensive behavior in mice and increased the sensitivity to noxious heat, similar to what has been observed after intraplantar injection of selective TRPV1 agonists such as capsaicin or resiniferatoxin (Caterina et al., 2000) . As for capsaicin and resiniferatoxin (Caterina et al., 2000) , we found that both the acute nocifensive behavior and the thermal hyperalgesia evoked by CLT were completely absent in TRPV1 Ϫ/Ϫ mice. The absence of obvious signs of pain-related behavior in the TRPV1 Ϫ/Ϫ mice could indicate that TRPA1 plays only a minor role in the initiation of CLT-induced pain. Our results obtained in heterologous systems and isolated sensory neurons suggest, however, that activation of TRPA1 may become more relevant to nociception at higher CLT concentrations or when CLT is coapplied with other TRPA1-agonists such as menthol, as is the case in many CLTcontaining creams.
In conclusion, we have identified thermosensory and chemosensory TRP channels in sensory neurons as novel targets of the widely used drug CLT. CLT is, to our knowledge, the most sensitive known inhibitor of TRPM8, and as such CLT may have therapeutic potential for the treatment of TRPM8-related conditions such as cold allodynia or even certain types of malignancies (Bidaux et al., 2007; Colburn et al., 2007; Voets et al., 2007b) . In addition, we demonstrated that CLT represents a useful tool to discriminate between TRPM8-and TRPA1-mediated responses. Finally, knowledge of the agonist effect of CLT on TRP channels in nociceptors may form the basis for the development of new CLT preparations with reduced sensory side effects. 
